CONTROLLING BIREFRINGENCE IN AN OPTICAL WAVEGUIDE 
AND IN AN ARRAYED WAVEGUIDE GRATING 



The present invention relates to controlling birefringence in an optical 
waveguide, particularly a silicon rib waveguide structure, and also to 
controlling birefringence in an arrayed waveguide grating. 

BACKGROUND OF THE INVENTION 

As is well known, birefringence represents a significant problem in optical 
waveguides. Birefringence can result from a number of different sources 
each of which causes light polarised in a different manner to be subjected to 
different refractive indices. This results in light of different polarisations 
being transmitted differendy by the waveguide with the result that the 
behaviour of a device receiving light with a random polarisation, and in 
particular transmission losses, become unpredictable. Some well known 
sources of birefringence are the crystalline structure of waveguides, the 
shape of the waveguide (in terms of its light guiding cross section), and 
stress and strain induced as a result of any bends, substrate discontinuations 
etc. in the path of the waveguide. 

Rib waveguide structures manufactured on a silicon-on-insulator chip are 
known. One such arrangement is described for example in PCT Patent 
Specification No. WO95/08787. This form of waveguide provides a single 
mode, low loss (typically less than 0.2 dB/cm for the wavelength range 1.2 
to 1.6 microns) waveguide typically having dimensions in the order of 3 to 5 
microns which can be coupled to optical fibres and which is compatible 
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_ with other.integfated^QmpQ^ oLwayeguide^ can-also be 

easily fabricated from conventional silicon-on-insulator wafers (as described 
in WO95/08787 referred to above) and so is relatively inexpensive to 
manufacture. It is an aim of the invention to control birefringence in 
structures of this type. 

In an arrayed waveguide grating of the kind shown in plan view in Figure 6, 
birefringence can lead to polarisation-dependent frequency (PDF), which 
can be seen experimentally as a shift in passband centre frequency as the 
transmitted light polarisation is changed — see Figure 8. It is another aim of 
the present invention to control polarisation-dependent frequency effects in 
structures of this type. 

SUMMARY OF THE INVENTION 

It has been found that when a layer of thermal oxide is formed on a silicon 
rib waveguide structure, it induces a physical stress that effects the relative 
transmission of the TM and TE polarisations in an opposite way to the 
overall effect of the sources of birefringence inherent in the silicon rib 
waveguide. It has also been found that the degree to which the stress- 
inducing thermal oxide layer effects the relative transmission of the TM and 
TE polarisations depends on the thickness to which the thermal oxide is 
formed. 

According to one aspect of the present invention there is provided a 
method of controlling birefringence in a rib waveguide structure 
manufactured in silicon, the rib waveguide structure comprising an 
elongated rib element having an upper face and two side faces, the method 
including: providing a layer of thermal oxide to a predetermined thickness 



on saidxipfie^ik:^^^ 

structure. 

According to one embodiment, the layer of thermal oxide is provided on a 
portion of the waveguide structure, the thickness of the thermal oxide layer 
and the length of the portion of the waveguide structure over which it is 
formed being selected so as to substantially eliminate birefringence in the 
waveguide structure. 

However, depending on the application to which the optical device 
it comprising the rib waveguide structure is used, the thermal oxide layer may 

J3 be formed so as to leave the waveguide with a controlled, predetermined, 

C3 no-zero level of birefringence, which may be greater or smaller than the 

M birefringence of the waveguide before the thermal oxide layer was formed. 

in 

ll According to another aspect of the present invention, there is provided the 

J* use of a layer of thermal oxide in a method of fabricating a rib waveguide 

\f x structure in silicon to control birefringence by forming said layer to a 

predetermined thickness on at least a portion of said rib waveguide 
structure. 

According to another aspect of the present invention, there is provided a 
method of manufacturing a silicon rib waveguide structure comprising: 
forming an elongated rib element in a silicon substrate, the elongated rib 
element having an upper face and two side faces; and providing a layer of 
thermal oxide to a predetermined thickness on said upper face and side 
faces on at least a portion of said elongated rib element, the predetermined 
thickness being selected such as to control birefringence in the rib 
waveguide structure. 
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According to another aspect of the present invention, there is provided a 
method of manufacturing a silicon rib waveguide structure, the method 
comprising: forming a plurality of optical components in a silicon substrate, 
said optical components including at least one elongate rib element having 
an upper face and two side faces; growing a layer of thermal oxide on said 
plurality of optical components; selectively etching the oxide layer from one 
or a set of said optical components, but retaining the thermal oxide layer 
over said at least elongate rib element at least in a portion thereof, wherein 
the thickness of the layer of thermal oxide is selected to control 
I* birefringence in the elongate rib element. 

p According to another aspect of the present invention, there is provided an 

I n 

"j interferometric optical device including at least two rib waveguide structures 

manufactured in silicon and of different path lengths and inherent 
birefringences, wherein a layer of thermal oxide is provided on at least a 
portion of at least one of the two rib waveguide structures so as to 

13 substantially equalize the birefringence of the two rib waveguide structures. 

= y 

According to another aspect of the present invention, there is provided an 
optical device including an array waveguide grating comprising an array of 
rib waveguide structures manufactured in silicon and having different path 
lengths and different inherent birefringences, each rib waveguide structure 
comprising an elongated rib element having an upper face and two side 
faces, wherein a layer of thermal oxide is provided on the upper and side 
faces of at least a portion of at least some of the elongated rib elements so 
as to substantially equalize the birefringence of each of the rib waveguide 
structures. 
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Injthis^aspectaf the_presentJnve,ntion^e. A 

as to reduce the polarisation-dependent frequency shift to substantially zero. 
Alternatively, in a method of controlling birefringence in an array waveguide 
grating according to the present invention, the thermal oxide layer may be 
formed so as to control the polarisation dependent frequency shift to a 
predetermined, non-zero amount, which may be more or less than the 
polarisation dependent frequency prior to formation of the thermal oxide 
layer, depending on the application to which the array waveguide grating is 
to be used. 

According to another aspect of the present invention, there is provided the 
use of a layer of thermal oxide in a method of fabricating an array waveguide 
grating comprising an array of rib waveguide structures in silicon to control 
birefringence by forming said layer to a predetermined thickness on at least 
a portion of at least some of said rib waveguide structures. 

According to another aspect of the present invention, there is provided a 
method of manufacturing an array waveguide grating comprising an array of 
silicon rib waveguide structures comprising: forming an array of elongated 
rib elements in a silicon substrate, each elongated rib element having an 
upper face and two side faces; and providing a layer of thermal oxide to a 
predetermined thickness on the upper and side faces of at least a portion of 
at least some of said elongated rib elements, the predetermined thickness 
being selected such as to control birefringence in the array waveguide 
grating. 

According to another aspect of the present invention, there is provided a 
method of manufacturing an integrated optical device, the method 
comprising: forming a plurality of optical components in a silicon substrate, 
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said optical componentsjiidud^ comprising^ 

an array of elongate rib elements, each having an upper face and two side 
faces; growing a layer of thermal oxide over said plurality of optical 
components; and selectively etching the oxide layer from one or a set of said 
optical components, but retaining the thermal oxide layer over said array of 
elongate rib elements at least in a portion thereof, wherein the thickness of 
the layer of thermal oxide is selected to control birefringence in the array of 
elongate rib elements. 

According to another aspect of the present invention, there is provided an 
integrated optical device, comprising a plurality of optical components 
formed in a silicon substrate, said optical components including an arrayed 
waveguide grating comprising an array of elongate rib elements, each having 
an upper face and two side faces; and a layer of thermal oxide on at least a 
portion of said array of elongate rib elements, the thickness of the layer of 
thermal oxide being selected to control birefringence in the array of elongate 
rib elements; wherein at least one of the plurality of optical components is 
exposed through the thermal oxide layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention and to show how the 
same may be carried into effect, reference will now be made by way of 
example to the accompanying drawings, in which: 

Figures 1 to 3 illustrate steps in manufacturing methods of a rib waveguide 
structure; 

Figure 4 illustrates an improved non-birefringent structure; 
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JEigure 5, illustrates schemajdcaUy_an_jm 



waveguides for an arrayed waveguide grating; 

Figure 5a is a schematic view of a portion of an arrayed waveguide grating 
produced according to the present invention; 

Figure 6 shows a schematic plan view of an arrayed waveguide grating 
produced according to the present invention; 

Figure 7 shows a graph of mean PDF shift v. array waveguide nominal 
separation for different thermal oxide thicknesses; and 
Figure 8 shows a graph showing how the passband frequency can change 
with the polarisation in an arrayed waveguide grating. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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A method of making a silicon rib waveguide structure in accordance with a 
preferred embodiment of the invention is described. The waveguide 
structure described herein is based on a silicon-on-insulator chip. A process 
for forming this type of chip is described in a paper entitled "Reduced 
defect density in silicon-on-insulator structures formed by oxygen 
implantation in two steps" by J. Morgail et al, Appl. Phys. Lett., 54, p526, 
1989. This describes a process for making a silicon-on-insulator wafer. The 
silicon layer of such a wafer is then increased, for example by epitaxial 
growth, to make it suitable for forming the basis of the integrated waveguide 
structure described herein. Figure 1 shows a cross section through such a 
silicon-on-insulator wafer in which an elongated rib element has been 
formed. The wafer or chip comprises a layer of silicon 1 which is separated 
from silicon substrate 2 by a layer of silicon dioxide 3. The elongated rib 
element 4 is formed in the silicon layer 1 by etching. 
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The width of the„dongated rib elementis^ tygic^y^m 
microns, more particularly 3 to 5 microns. 

It is a problem in guiding optical waves that birefringent materials 
demonstrate a different refractive index for different light polarisations. In 
waveguide structures where it is difficult or impossible to control the 
polarity of the guided light, this can present a significant problem and in 
particular can be the cause of significant losses. It has been found that a 
thermal oxide layer can be used, for example, to substantially reduce or 
practically eliminate birefringence of a rib waveguide structure as described 
herein. 

In a subsequent processing step, a layer of oxide is formed by thermal 
growth at 1050°C This layer is denoted 7 in Figure 2. In Figure 2 like 
numerals denote like parts as in Figure 1. 

The growth of the thermal oxide takes place over the whole surface of the 
wafer, which may incorporate a number of silicon waveguides and other 
optical components. The wafer may have other integrated optical 
components formed on it. Photoresist 8 is put down over the wafer and 
then etched away from selected portions of the wafer. Thus, photoresist 
portions 8 are left over those parts of the wafer where a thermal oxide layer 
is required. 

Subsequently an HF etch is carried out to remove the unprotected parts of 
the thermal oxide layer 7, leaving a layer on the upper face 5 and side faces 6 
of the elongated rib element 4. 
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The finished structure is as illusL*- - £ 

oxM e is left in the finished structuae on the upper face and side faces 5,6 of 

the elongated rib element 4. 

Adding to one entboditnent, fite thecal oxide is ieft on the uppet «d 
slde faces of otfiy a selected portion of fite donated nb dement The 
„ of the thetmal Uyer is selected such that the pornon of the 
wlveg uide on which the thermal oride is provided has a bftefnngence o 
opposite sign . fite porfion of fite waveguide not provided with a 
oa de layer. Fot exampie, it has been de.ettn.ned from expenmen. firat fire 
biK&in ge„ce of a wavegu.de having a ndge height of 4.3pm, a ndge wtdfi. 

0 55x^ (where birefringence is defined as n m - n^ by the P— of a 
035micron fitermal oride fayer wet-grown at fOSO'C, and fitat fite 
bit eftingence of a wavegu.de hav,g a ndge hetght of 4.3 urn, a ndge wrdft. 
of 3.8 ,m and an e t ch deprh of 2.3 ,tn , .educed from « 8x10 » - 
6 4x,0^ by fite provision of such a thetma! oride laye, The rdauve engfi. 

layet is selected such that the ovetafi biteftingence of fite wavegu.de , 
Iranfiany zero. Pot example, if the porfion of the waveguide :« n** 
*e fitermal oride is provided has a hireffingence of magrumde 5 «nes 
nearer fiaan the porfion of fite waveguide without the therntal ox.de layer 
L fire lengfi. of rhe porfion on wfuch fire thermal ox.de layer ,s proved 
„ selected to be one-fifth (1/5) of fire lengfir of the porfion waftrout the 
Aermal oride layer so as to substantially dinunate birefringence for fire 
waveguide as a whole. 

In „ alternative embodiment, a blanket layer of thermal oxide rs left on fire 
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oJLthejhermal^xideJay^ 

the waveguide is substantially zero. 

Although not shown as a feature of the embodiment described above, the 
thermal oxide layer may be left over the whole surface of the silicon 
substrate. It is thought that varying the extent to which the thermal oxide 
layer extends over the substrate flanks may also be used to control 
birefringence in the waveguide. 

The application of the present invention to controlling birefringence in array 
f.* waveguide gratings shall now be described, also by way of example only. 

Sfl 

p Integrated optical components such as demultiplexers comprise an arrayed 

in 

i j waveguide grating such as the one schematically shown in schematic plan 

view in Figure 6. Such a grating typically comprises a silicon-on-insulator 
J;f wafer 8 of the kind described above having an input rib waveguide 10 

5* separated by a first free propagation region 16 from an array of rib 

C3 waveguides 12 whose optical lengths increase in fixed increments, and a set 

of output rib waveguides 14 separated from the array of rib waveguides by a 
second free propagation region 18. The output rib waveguides are aligned 
in parallel at the edge of the wafer 8. The rib waveguides are defined by 
grooves etched in the epitaxial silicon layer, which are shown in black in 
Figure 6. 

As mentioned above, birefringence in the waveguides can lead to 
polarization-dependent frequency effects, which can be seen experimentally 
as a shift in pass-band centre frequency. The inventors of the present 
invention have found that these effects can be controlled by growing a 
thermal oxide layer on the array of rib waveguides. 
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An array of waveguides may be formed under the following conditions. A 
layer of silicon is epitaxially grown to a thickness of l[im to 10 [im, and then 
trenches are etched to a depth corresponding to 10% to 90% of the 
thickness of the epitaxial silicon to leave an array of ribs having a width in 
the range of 1 |im to 10 [xm and a separation in the range of 1 \xxn and 50 
[im. A layer of thermal oxide is then formed over the entire array at an oxide 
growth temperature in the range of 800°C to 1200°C to a thickness in the 
range of 0.01 |xm to 1.0 ^m. 

I* A schematic-cross-sectional view of a waveguide provided with such a 

ill 

13 thermal oxide layer is shown in Fig. 5. Only three waveguides have been 

(3 shown, although the array will typically comprise more waveguides. In 

*lj Figure 5, like numerals denote like parts as in Figure 4. 

H According to one embodiment as shown in Figure 6, the thermal oxide layer 

J* is etched away from selected portions of the array waveguide grating by the 

[y 

H techniques described above to leave a truncated triangular thermal oxide 

IU 

patch 30 on a selected portion of the array waveguide grating. 

Owing to their different lengths and degrees of curvature, each waveguide 
of the array waveguide grating has a different inherent structural 
birefringence. The thermal oxide patch 30 is configured such that the 
overall birefringence in each waveguide of the array is substantially the same. 
The thermal oxide layer reduces the birefringence of the portion of the 
waveguide on which it is formed (where birefringence is defined as the 
difference in refractive index between the TE and the TN modes, i.e. n TE - 
n TO . ) The inherent structural birefringence is greater for the longer 
waveguides of the array. Accordingly, as shown in Figure 6, the thermal 
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oxi de patc h is configured s uch that t he length of the portion of each 

waveguide provided with the thermal oxide layer increases with increasing 
length of the waveguide so as to compensate for the difference in inherent 
birefringence between the waveguides of the array. The thickness of the 
thermal oxide layer and the configuration of the patch is selected such that 
each waveguide of the array has a substantially common level of overall 
birefringence or substantially zero overall birefringence. 

In an alternative embodiment, a blanket layer of thermal oxide is left over 
the entire array waveguide grating, and the thickness of the thermal oxide 
M layer is selected to reduce the polarisation dependent frequency shift to zero 

O (or to another predetermined amount, depending on the application to 

If! 

p which the array waveguide grating is to be used). 

in 

: For example, results have been achieved with a silicon epitaxial thickness of 

]2 4.3 [im, an etch depth corresponding to 40% of the silicon thickness, a rib 

waveguide width of 4 \im or 6 [Am, a waveguide separation in the range of 5 

^3 [xm to 15 |xm, and a thermal oxide layer grown at a temperature of 1050°C 

iU 

to a thickness of 0.35 [im. 

A plot of measured PDF shift v array waveguide nominal separation for 
three different thermal oxide layer thickness is shown for such an 
embodiment in Figure 7. The results on which the graph of Figure 7 are 
based were achieved for an arrayed waveguide grating in which the 
separation between the individual waveguides in the array varies in a 
complex manner in order to provide the required incremental increase in 
optical length between adjacent waveguides. The separation of the 
waveguides where they join the second free propagation region are constant, 
and the waveguide nominal separation referred to here is the separation at 
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this point which js j:pn^dered^o_equ tp_ die average 

separation between the waveguides. The separation referred to here refers to 
the distance between the centres of adjacent waveguides as shown as S in 
Figure 5. 

The wafer in which the arrayed waveguide grating is formed may also 
comprise other additional optical components manufactured in silicon. In 
such an embodiment, the thermal oxide layer may be formed on the arrayed 
waveguide grating and the additional optical components, followed by 
selective etching to expose the additional optical components. Figure 5a 
illustrates schematically a portion of an arrayed waveguide grating showing a 
portion of the thermal oxide layer having been removed to expose an 
additional optical component 20. 
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